A computer simulation approach was developed to screen functional monomers for the rational design of molecularly imprinted polymers (MIPs). The proposed approach is based on a comparison of the binding energy of complexes, which are formed by the interaction between a template molecule and various functional monomers. According to the results of theoretical calculations, MIPs using thymopentin (TP5) as a template were prepared by a solution polymerization method, in which 2-methylacrylamide, N,N'methylenebisacrylamide and poly(methylacrylic acid)/SiO 2 were used as the functional monomer, cross-linker and support, respectively. Solid-phase extraction experiments were performed, and static and dynamic binding properties of the synthesized MIP (i.e. TP5-MIP) for TP5 were studied. Results show that TP5-MIP exhibits excellent binding affinity and specific selectivity for the template molecule (i.e. TP5).
INTRODUCTION
Thymopentin (TP5) corresponds to the amino acids 32-36 (rKDVY) of thymopoietin (TP). The biological activity of this pentapeptide is similar to that of TP (Fan et al. 2006; Gonser et al. 1999 ). TP5 has the ability to induce T-cell differentiation and promote the growth and activation of T-lymphocyte cells. It has been clinically used in the treatment of acquired immunodeficiency syndrome, severe acute respiratory syndrome, rheumatoid arthritis, cancer immunodeficiency and cutaneous T-cell lymphoma (Zuo et al. 2012) . During the synthesis of TP5, active amino-acid side chains (peptide extensions) linked to the peptide chain should be protected; otherwise, a series of byproducts will be produced. At present, TP5 is purified by reverse-phase high-performance liquid chromatography (RP-HPLC; Čemažar and Craik 2008; Patruno et al. 2012) , ion-exchange chromatography (Zheng et al. 2010 ) and organic solvent nanofiltration (So et al. 2010) . Although these methods have their own advantages, they have certain common disadvantages, such as requirement of expensive separation medium and low loading. In particular, when RP-HPLC is applied for large-scale separation of polypeptides, a number of organic solvents are produced. These compounds not only pollute the environment, but also increase the post-processing costs. Therefore, identifying a high-efficient, low-cost purification method has great academic and economic values.
Molecular imprinting is a novel molecular recognition technique, which incorporates the advantages of polymer synthesis, molecular recognition and bionic bioengineering subjects (Cao et al. 2013; Huang et al. 2012; . Molecularly imprinted polymers (MIPs), which are synthesized using surface molecular imprinting, not only have high selectivity and recognition property, but also maximize recognition sites of the polymer on the surface of the substrate material to reduce the phenomenon of 'embedding'. The template molecules can be reused, and surface molecular imprinting enhances the adsorption and desorption efficiency of these molecules (Alsudir et al. 2012; Székely et al. 2012; Xu et al. 2013) . Therefore, such materials are widely used in solid-phase extraction (Lucci et al. 2010; Malaisamy and Ulbricht 2004) , chromatographic packing (Abbate et al. 2011) , catalytic reaction (Yang et al. 2013; Zhao and Wu 2013), biosensors (Hua et al. 2009 ), amino acid/protein separation (Gonser et al. 1999; Xu et al. 2012 ) and synthesis of nanomaterials (Lu et al. 2009 ).
Interactions between TP5 and five kinds of functional monomers [2-methylacrylamide (MAC), methacrylate (MAA), acrylamide (AM), 4-vinyl pyridine (4-VP) and itaconic acid (IA)] were studied using a computer simulation approach, and based on the results obtained, MAC was selected as the functional monomer. Poly(methylacrylic acid) acid (PMAA) was grafted onto the surface of silica particles by utilizing the coupling action of 3-methacryloxypropyltrimethoxy silane (MPS). With surface imprinting technique, TP5-MIP was obtained using PMAA/SiO 2 as the vector, TP5 as the template molecule and N,N'-methylenebisacrylamide (MBA) as a cross-linker. The morphology and composition of polymer microspheres were investigated by scanning electron microscopy (SEM) and Fourier transform infrared spectrometry (FTIR). Both static and dynamic binding properties of TP5-MIP for TP5 were studied. Experimental results show that the prepared TP5-MIP has excellent binding affinity and specific selectivity for the template molecule (i.e. TP5), which can be attributed to the imprinting process. Furthermore, the adsorption properties of TP5-MIP were discussed based on adsorption isotherms, adsorption kinetics, adsorption selectivity and reusability experiments.
EXPERIMENTAL ANALYSIS 2.1. Materials and Equipment
SiO 2 was purchased from Nanjing Haitai Nano Materials Co., Ltd. (Nanjing, China). TP5 and glutathione (GSH) were obtained from Sigma-Aldrich (UK). MPS, PMAA, MAC, potassium peroxodisulphate (KPS), phenylalanine (Phe), absolute methanol, acetonitrile and glacial acetic acid were purchased from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). MBA and sodium hydroxide were purchased from Shanghai Chemical Co. (Shanghai, China). All chemicals were of analytical grade and used without further purification.
The following instruments were used in this study: JSM-5800 scanning electron microscope, DZF-6021 electric vacuum drying oven, FA2004 electronic balance, KQ-100DE numerical control ultrasonic cleaners, DF-101S heat-collection constant-temperature magnetic stirrer, SHA-C reciprocating water bath temperature oscillator and WQF-310 FTIR spectrometer.
Molecular Dynamics Simulation
For molecular dynamics simulation, the 'Discover' module of Material Studio was used. The following conditions were employed for the computer simulation: temperature, 25 ºC; constant temperature bath, Andersen; simulation time, 2 ns; simulation step, 1 fs. Data output was obtained once in every 2000 steps. The shear length, which interacted between Coulomb force and van der Waals force, was 17.5 and 12.5 nm, respectively.
Because TP5 has different binding energies (DE) for different functional monomers, DE was studied using the same proportion of all five functional monomers (i.e. MAC, MAA, AM, 4-VP and IA) in the computer simulation. The molar ratio of TP5 to each functional monomer was 1:1 in aqueous solution (Wang et al. 2014) , and this ratio was used for comparisons. DE was calculated using the following equation (Krupadam et al. 2012) :
where E (TP5-monomer) is the single-point energy of complexes formed between TP5 and functional monomers, E (TP5) is the single-point energy of TP5 and E (monomer) is the single-point energy of functional monomers.
Preparation of TP5-MIP
PMAA/SiO 2 was synthesized according to the procedures described by Gao et al. (2011) . The process of the preparation of TP5-MIP is as follows: 50 mg of TP5 and 0.35 mg of MAC were dissolved in 20 ml of distilled water, to which 50 mg of PMAA/SiO 2 was added. Approximately 60 mg of KPS was dissolved in 10 ml of distilled water and 45.3 mg of MBA was dissolved in 30 ml of distilled water. These three solutions were then mixed together. Under a continuous flow of nitrogen for 20 minutes, the modification reaction was performed at 60 ºC for 12 hours with constant stirring (500 rpm/minute). The resultant particles were extracted with methanol and ethylic acid [V (methanol) :V (ethylic acid) = 9:1] to remove the unreacted compounds for 24 hours. The compounds were then separated by centrifuging, dried under vacuum at 45 ºC, and finally TP5-MIP was obtained. The process of the preparation of TP5-MIP is shown in Figure 1 .
Protein Adsorption
Approximately 20 mg of TP5-MIP and 5 ml of TP5 solution (0.5 mg/ml) were mixed in a centrifuge tube, which was oscillated at 25 ºC to initiate adsorption. After adsorption, the tube was centrifuged for 5 minutes, and the absorbed concentration was obtained. The concentration of the absorbed mixture was determined using a spectrophotometer at 275 nm. The adsorption capacity can be calculated using the following formula:
( 2) where C i is the initial concentration of TP5 solution (mg·ml -1 ), C f is the TP5 concentration of the equilibrium solution (mg·ml -1 ), V is the volume of TP5 solution (ml) and m is the mass of MIP (PMAA/SiO 2 ; g).
To estimate the selectivity of TP5-MIP for TP5, GSH and Phe were chosen as competitive molecules. Approximately 20 mg of TP5-MIP was dispersed in 5 ml of aqueous solutions containing 0.5 mg/ml of TP5, GSH and Phe, respectively. The mixture was shaken in a vertical multi-purpose vibrator at 25 ºC for 6 hours.
The amount of TP5 adsorbed on TP5-MIP was determined based on the difference in concentration before and after the adsorption. Distribution and selectivity coefficient of TP5 with respect to competitive molecules were calculated as follows:
(3)
where 'i' and 'f' are the distribution coefficients, C i and C f are the initial and final solution concentrations, respectively. The K d(TP5) and K d(competitive molecules) are the distribution coefficients of TP5 and competitive molecules. The parameter 'a' is the selectivity coefficient of the adsorbent for the target molecule. The relative selectivity coefficient (b) [equation (4)] can be defined as follows (Bektaşoğlu et al. 2014 ):
(5)
RESULTS AND DISCUSSIONS 3.1. Interactions between TP5 and Functional Monomers
A higher value of DE for the interaction between TP5 and a functional monomer in the computer simulation indicates that the MIP has a higher stability and selectivity, and that the imprinting effect of the functional monomer is stronger (Li et al. 2011; . Differences in the binding energy of TP5 for its interaction with different functional monomers are shown in Figure 2 .
The simulation results revealed that the functional monomer MAC had the highest interaction energy to form the most stable complexes with TP5 in the equilibrium state.
Surface Morphology of TP5-MIP
The microscopic structures of TP5-MIP and PMAA/SiO 2 were studied using SEM under the same magnification (Figure 3) . The SEM images showed that the PMAA/SiO 2 nanospheres were highly monodisperse and spherical with smooth surface. After the MIPs were coated with the TP5imprinted layers, their surface became rough. Compared with the PMAA/SiO 2 nanospheres, discernable core-shell structure and distinct size increase were observed in TP5-MIP. Based on these results, we deduced that the TP5-imprinted layers were synthesized successfully.
FTIR Analysis of TP5-MIP Nanoparticles
The FTIR analysis was performed to determine the surface composition of TP5-MIP nanoparticles (Figure 4) . The peaks at 2970 and 2975 cm -1 belong to -CH 3 and -CH 2 -, which confirmed that the C=O group of PMAA was cross-linked. The C=O stretching frequency of 3,4-ethylenedioxy-N-methylamphetamine and MAC was observed at 1459 cm -1 . In addition, the C-C stretching vibration of benzene was observed at 1731 cm -1 , which illustrates that the polymerization was successful.
Binding Properties of TP5-MIP

Dynamic Adsorption Performance
As shown in Figure 5 , the adsorption capacity of TP5-MIP and PMAA/SiO 2 changes over time.
The adsorption rate of TP5-MIP increases rapidly within 1-4 hours, whereas that of PMAA/SiO 2 increases gradually over time, and reaches saturation at approximately 5.5 hours. The saturation adsorption (Q max ) is 27.74 mg/g, which is higher than that presented in some previous reports. In addition, during the whole adsorption process, the adsorption capacity of TP5-MIP is better than that of PMAA/SiO 2 . The rate of template recovery from TP5-MIP is 84.37%, whereas that of PMAA/SiO 2 is 24.16%. The reasons for these phenomena are as follows: First, TP5-MIP has imprinting cavities that are orderly arranged and well matched with TP5; these cavities are the recognition sites, which are specific for TP5. Although PMAA/SiO 2 also has cavities that interact with TP5, these imprinting cavities do not match with the structure of TP5. Therefore, these cavities are non-specific for TP5. 
Binding Isotherm of TP5-MIP
To further understand the binding capacity of the template molecule, the binding isotherm was studied and Scatchard analysis was carried out. The Scatchard plot is shown in Figure 6 . For the Scatchard plot ( Figure 6 ), Q is plotted against Q/C, and this exhibits a non-linear relationship. The plot shows two intersecting lines with different slopes corresponding to the highand low-affinity binding sites. Populations of binding sites (linear equations) are described as follows:
The values of K for the TP5-MIP molecule are determined according to the following Scatchard equation:
where c and Q max are the free concentration of TP5 at equilibrium and the binding capacity of TP5 to the TP5-MIP, respectively; K is the binding equilibrium constant. K and Q max are determined from the slope and intercept of the line. The respective values are as follows:
K 1 = 0.0328 mg/ml, Q max1 = 23.96 mg/g K 2 = 0.2252 mg/ml, Q max2 = 38.58 mg/g Previous studies have shown that the Scatchard plot is not a single straight line, but instead consists of two linear parts with different slopes for TP5-MIP. The two linear parts correspond to the low-and high-affinity binding sites. The binding sites in the imprinted polymer can be classified into two distinct groups with specific binding properties. One is the surface adsorption, in which molecules bind mainly by physical adsorption. The other is chemical binding. It may because a variety of complex compounds are formed during diverse interactions between the functional monomer and the imprinted molecule. The TP5 molecules are adsorbed in the imprinted cavities at different times. However, in-depth understanding of the adsorption mechanisms of TP5-MIP needs further work.
Comparison of Selectivity between Template (TP5) and Non-Template Molecules
Phe was selected as the competitive molecule to investigate the selectivity of TP5-MIP for TP5. As shown in Figure 7 , TP5-MIP had a higher binding affinity for TP5, and poor affinity for both BP5 and Phe. Although the same hydrogen bond was formed between the adsorbents and MAC, the recognition effect is different. Therefore, the shape of the sites created by removing TP5 from MIP was not suitable for other biomolecules. These effects were in accordance with those reported by Chao-Li et al. (2014) .
Separation Efficiency of TP5
The separation efficiency of TP5 was further investigated in a solution containing TP5 and GSH. The experimental procedure employed is as follows: 1.0 g of TP5-MIP was added to a 840 S. Hou et al./Adsorption Science & Technology Vol. 32 No. 10 solid-phase extraction column; 2 ml solutions containing 0.5 mg/ml of TP5 were passed through the columns at a flow rate of 0.20 ml/minute. The columns were then washed with 2 ml of water and 2 ml of methanol at the same flow rate. The analyte retained on the polymers was eluted with 5 ml methanol and ethylic acid (v/v = 9:1). The eluent was evaporated to dryness under vacuum at 25 ºC, and the residue was re-dissolved in 3 ml of distilled water for spectrophotometric analysis. The selectivity of the adsorbent was evaluated using the static distribution coefficient (K d ), separation factor (a) and relative separation factor (b). The selectivity of TP5-MIP is presented in Table 1 . From the Q value, it can be seen that the recognition of TP5 on the TP5-MIP surface is three times larger than the competitive compound GSH, whereas there was not much difference between the two compounds on the surface of PMAA/SiO 2 . The separation factor a of TP5-MIP is nearly three times (b = 2.826) as high as PMAA/SiO 2 . Compared with PMAA/SiO 2 , TP5-MIP exhibits excellent binding affinity and specific selectivity for the template molecule. 
Repeated Use of TP5-MIP
To evaluate the re-use capacity of TP5-MIP, the adsorption-desorption cycles were repeated seven times using the same imprinted beads. TP5 was removed based on the procedure described earlier. Figure 8 shows that the recycled TP5-MIP still maintains a high rate of adsorption (92%) even at the seventh cycle. The high rate of adsorption could be the reason why the structure of imprinted holes is stable and, in addition, most recognition sites were unchanged during the process of repeated washing. Besides, TP5-MIP was synthesized by surface imprinting technology, and most recognition sites are located on the surface of TP5-MIP. Therefore, it is easy to remove TP5, and thus, there is reduced damage to imprinted holes. The reasons for reduction in the adsorption capacity can be explained as follows: TP5-MIP is a material with rigid structure. After desorption, a lot of cavities and binding sites are formed both on the surface and inside of TP5-MIP, which completely match with TP5 in both size and spatial orientation. Therefore, in the first cycle, the adsorption capacity is high for these cavities, and therefore, binding sites are quickly occupied by TP5. However, upon re-using TP5-MIP, TP5 is adsorbed in deep cavities and often cannot be removed completely; in addition, some sites may also be damaged. All these factors contribute to the reduction in the adsorption capacity.
CONCLUSIONS
TP5-MIP with high binding efficiency was prepared in this study. Using the computer simulation technique, MAC (compared with AM, 4-VP, MAA and IA) was identified as having the strongest binding energy for TP5. SEM images showed a large number of imprinted cavities on the surface of the TP5-MIP molecule. The structure, size and binding sites of imprinted cavities are responsible for the high-binding affinity and specific selective recognition of this molecule towards TP5. By contrast, TP5-MIP has poor binding efficiency for non-imprinted molecules. Thus, TP5-MIP was found to be suitable for purification of crude TP5.
